Vi)

-

=Y ',7 g-

=,

L LT

AR

2L

Ll

2023 Quantum Fair

Solve Shortest Path Problem by QAOA
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Max-Cut Problem & SPP

« Max-Cut Problem « SPP

= Embed Node to qubit = Embed Edge to qubit
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= How to Express Graph Structure?
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I Algorithm Designing
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Objective Function
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Hamiltonian Construction
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Hamiltonian Construction
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def U_B(beta):
for wire in range(n_wires):
aml .RX(Z2+beta, wires=wire)

§I= SrHIe
for edge in graph.edges:
if edge[0] == "s" or edge[l] == "d": S8
an | . RZ( gamma*edge_labels_weight [edoe], wires = edge_labels_number [edge] )
else: ‘:rlc ‘:,7l( ::::>
anl . RZ({ ganma*(edge_labels_weight [edge] +2), wires=edge_labels_nunber [edge] )
or node 1n graph:
for edgel in graph.edges:
if edgel [1] == node:
wirel = edge_|labels_nunber [edgel]
for edge in graph.edges:
if edge[0] == node :
wire2 = edge_labels_number [edge]
anl . CNOT(wires=[wirel, wire2])

anl .RZ({ganma*-2, wires=wirez)

anl .CNOT(wires=[wirel, wire2]) d;
elif edge[1] == edgel [1] and edgel [0] != edge[0]: ::::>

wire2 = edoe_|abels_nunber [edoe] Ci; O L 0O

anl .CNOT(wires=[wirel, wire2])

anl .RZ({ganma*2, wires=wirez)

anl . CNOT(wires=[wirel, wire2])
if edgel [0] == node:
for edgeZ in graph.edges:
i f edgel [0] == edge?[0] and edgel [1] != edoe2[1]:

wirel = edge_labels_number [edgel]

wireZ = edge_labels_number [edge?]

anl . CNOT(wires=[wirel, wire2])

anl . RZ(gamma*Z, wires=wire2)

anl . CNOT(wires=[wirel, wire2])




for node in graph:
for edgel in graph.edges:
if edgel[1] == node:
wirel = edge_|labels_nunber [edgel]
for edge in graph.edges:
if edge[0] == node :
wire2 = edge_labels_number [edge]
anl . CNOT(wires=[wirel, wire2])
anl . RZ(gamma*-2, wires=wire2)
anl . CNOT(wires=[wirel, wire2])
elif edge[1] == edgel [1] and edgel [0] != edge[0]:
wire2 = edge_labels_number [edge]
anl . CNOT(wires=[wirel, wire2])
anl .RZ{ganma+*2, wires=wire2) Vv
anl . CNOT(wires=[wirel, wire2])
if edgel [0] == node:
for edgeZ in graph.edges:
if edgel [0] == edge2[0] and edgel [1] = edoe2[1]:
wirel = edge_|labels_number [edgel]
wireZ = edge_|labels_number [edge?]
anl . CNOT(wires=[wirel, wire2])
anl . RZ{ganma*2, wires=wire2)
anl . CNOT(wires=[wirel, wire2])
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def circuiti{gammas, betas, edge=None, n_lavers=l):
for i in range(n_layers):

dev = anl.devicel "default. qubit"”, wires=n_wires, shots=1) QAOA Subcircuit
for wire in range(n_wires): q
qi
U_C((ganmas[i])) qz _m_
U_B((betas[il)) '
if edge is None: : : q;

fiom | . anode( dev) Jo
aml . Hadamard(wires=wire)

return anl.sample() m_

H = (aml.Paul iZ{edge_labels_number [edoe] ) + 1) / 2 Qn :

return oml.expval (H)
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def objective(params):
gammas = parans[(]
betas = params[1]
obj =

®si =[]
Xid =0
temp = [
penalty = [
expval = [

for edge in graph.edges:
expval = circuit(ganmas, betas, edge=edge, n_lavers=n_layers)
obj += edge_labels_weight [edge] + expval

if edge[0] == "s":
¥si += expval
if edge[l] == "d":
¥id += expval
for node in graph:
if node = "s" and node != "d":
for edge in graph.edges:
expval = circuit(ganmas, betas, edge=edge, n_layers=n_|layers)

if edge[0] == node:
temp += expval
elif edge[l] == node:
temp -= expval
penalty += temp * temp
temp = [
penalty += (xsi - 1)*(xsi - 1) + (xid - 1) * {xid - 1)
obj += penalty + 10

return obj
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init_params = 0.01 * np.random.rand(?, n_lavers, requires_grad=True)

font = anl.AdamOpt imizer (stepsize=0.5)]
params = init_paramns
steps = 40
for i in range(steps):

parans = opt.step(objective, parans)

if (i 41) %5==0

print("Objective after step {:5d}: {: .7f}".format(i+1, objective(params)))

bit_strings = []
n_samples = 400

for i in range(d, n_samples):

bit_strings.append(bitstring_to_int(circuitiparans[0], params[1], edge=None, n_layers=n_layers)))
counts = np.bincount(np.arrayvibit_strings))
most _freq_bit_string = np.aramax(counts)

DrINtL Ot IMIZed Loaina, Deta) Yectors: mnir .rornatiparans|:, :N.lavers)))
print("Most freauent |y sampled bit string is: {:08b}". format(most_freq_bit_string))
return objectivelparans), bit_strings

bitstrings! = cgaoa_SPP(n_layers=1)[1]
bitstrings? = gaca_SPP(n_lavers=2)[1]
bitstrings3 = gaoa_SPP(n_layers=3)[1]
bitstringsd = gaca_SPP{n_lavers=4)[1]
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Shortest path : 10101



I Results

D=1 n apers=1 D=2 N layers=2
Objective after step 5:  50.0300000 0 Objective after step 5. 50.0500000
Objective after step  15: 20.0700000 Objective after step  15: 50.0900000 .
Objective after step 20: 40.1300000 ObJ'ECt!'v'E after step 20 10, 2000000
Objective after step  25: 80.1000000 Objective after steo 2o 30.1000000

S . Objective after step  30: 50.1700000 £
Objective after step 30: 20.1600000 L .

S , Objective after step 35 60.0700000
Objective after step 35:  30.0900000 L . L
Obiect i it X 40: 400500000 Objective after step 400 30.1200000

Jective after step ’ : Optimized (gamma, beta) vectors: 1
Optimized (gamma, beta) vectors: [[-1.81981465 5.20761915]
0. Se01e811 it e [ 2.27639114 2. 23320504]] oL S

[-0.44225358] ] SHETH R R EFEEEEEREEE Most freauently sampled bit string is: 10100 §83i832n8siasearsagngsnnssarsas
Most frequently sampled bit string is: 10001 bhsrinas 888§8sssssaassﬁﬁﬁazssaz::::::::
p=3 N layers=3 p=4 N layers=4
Objective after step 5: 30.0900000 ) Objective after step 5:10.1100000 Y
Objective after step 10:  40.2000000 Objective after step  10: 10.1200000
Objective after step 15:  20.1800000 Objective after step 15 20.0700000 @
Objective after step 20: 40.0700000 Objective after step  20: 10.1000000 |
Objective after step 25: 40.0700000 Objective after step  25: 30.1500000 5”
Objective after step 30: 30.0900000 Objective after step  30: 30.0800000 0
Objective after step ~ 35: 50.1300000 Objective after step  35: 30.1500000
Objective after step  40: 40.2000000 Objective after step  40: 20.1200000 !
Optimized (gamma, beta) vectors: Optimized (gamma, beta) vectors: '

[[ 5.08037923 -0.05139518 —1.49106949]
[ 4.05721858 3.42189422 3.78406485]]
Most frequently sampled bit string is: 10101

([ 0.07337043 -7.45977662 —1.95772262 1.62214439]
(-1.95763738 -1.28216974 2.40700169 0.8956126 ]
Most frequently sampled bit string is: 00101

“
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Shortest path : 10101



I Results

p=1

Objective after step 5:  15.1400000
Objective after step 10:  10.1100000
Objective after step 15:  5.1300000
Objective after step 20:  10.0500000
Objective after step 25: 15.1200000
Objective after step 30: 15.0600000
Objective after step 35: 30.1200000
Objective after step 40: 15.1500000
Objective after step 45:  20.0400000
Objective after step 50: 10.0800000
Optimized (gamma, beta) vectors:

[[6.27641788]
[5.12910492] ]

Most frequently sampled bit string is: 011

N layers=1

p=2

Objective after step 5: 5.1100000

Objective after step 10: 10.0200000
Objective after step 15:  5.0500000

Objective after step 20: 30.1500000
Objective after step 25: 10.1400000
Objective after step 30: 10.0800000
Objective after step 35: 5.0900000

Objective after step 40: 10.1400000
Objective after step 45:  25.1300000
Objective after step 50: 35.0900000

OHOHMHOHOHMOHOHOHOMOHOMOHOHOHOMOMOH
QO0HHOOHMHOOHMHOOMHOOMHOOMHOOHMHOOHH
0000 HMAAMAOOOOHAAMHOOOOHAAHOOOOHHAH
88888888dﬂHHAHHHOOOOOOOOHHHHH&AH
00000000 FMAMAMAMAMMMMMMMMM

bitstrings

Optimized (gamma, beta) vectors:
[[ 5.76033383 0.66634441]
[ 1.07823201 12.41579433]]

Most frequently sampled bit string is: 11000

%0

200

freq.

n Jayers=2

0AOAOHOHOHOHOHOMOHOMOHOHOHOMOMOH
Q0HHOOHMHOOHMHOOMHOOMHOOMHOOHHOOHA
0000HAMAHOOOOFMAAHOQOOOHHHAHOOOOMHHHA
88888888HHHﬂHHHHoooooooo#aaauuua
00000000 HAMMHAMAAMMAMMMMA

itstrings




I Results

7 Shortest path : 1010



I Results

p=1

Objective after step 5 11.0000000
Objective after step 100 20.6000000
Objective after step 15 30.9000000
Objective after step 200 11.5000000
Objective after step 25 10.89000000
Objective after step 30:  30.5000000
Objective after step 35+ 31.5000000
Objective after step 400 21.0000000

Optimized (gamma, beta) vectors:
[[ 0.52091047]
[-0.05669381]]

Most frequent |y sampled bit string is: 1000

p=3

Objective after step 5. 31.5000000
Objective after step 100 20.4000000
Objective after step 15 11.4000000
Objective after step 20:  20.4000000
Objective after step 25 21.4000000
Objective after step 30:  20.5000000
Objective after step o 20.5000000
Objective after step 40:  21.1000000

Optimized {ganma, beta) vectors:
[[ 0.00699484 -0.19066262 0.43694152]
[ 0.02768758 0.2933934 0.14498354]]

Most frequently sampled bit string is: 0101

n layers=1

0 H 0 0O 0 A 0 W 0 W 0 ®o 0 ™
EEEEEEEEEEEEEREE
0O 0 0 0 A A A A A A A #

bitstrings

n layers=3

0

0100
0101
o110
1001
1010
1011
1100
1101
1110
4111

o011

8 8 8

T Tayers=2

D=2 80
Objective after step 5 21.5000000
Objective after step 10:  11.0000000
Objective after step 15 20.6000000 0
Objective after step  20:  20.5000000 ,
Objective after step 25 20.5000000 E
Objective after step  30: 30.9000000 “
Objective after step 35 11.4000000
Objective after step 40: 30.0000000 "
Optimized {gamma, beta) vectors:
[[ 0.41223602 O.42149636]

[-0.31568882 0.0393566 1] 0
Most freauent|y sampled bit string is: 1010 : EERERERERERRRE

o] o] Ohiqrin:gﬂ 2l H oA “ s oH

p= 4 n_ayers=4
Objective after step 5 31.1000000
Objective after step 10:  32.0000000
Objective after step 15 20.5000000
Objective after step 20:  20.9000000
Objective after step 25 21.5000000
Objective after step J0: 21.6000000
Objective after step 35 10.9000000
Objective after step 400 31.5000000
Optimized {gamma, beta) vectors:

[[-0.02234741 -0.05214028 -0.01158323 -0.42574265]

[-0.16743896 -0.20624733 -0.18893929 0.1112439 ]] °
Most frequent!|y sampled bit string is: 1100 8

1
o100

o101
o110
o111
1000
1001
1010
1011
1100
1101

bitstrings

1110

1111




I Results

Shortest path : 101010



I Results

p=4

Objective after step 5 20.0900000

Objective after step 100 B0, 3500000

Objective after step 15 B0, 1200000

Objective after step 200 30.2900000

Objective after step 25t 30, 3500000

Objective after step 30: 50, 3700000

Objective after step J5:  60.0900000

Objective after step 40: 70, 3500000

Optimized {gamma, beta) vectors:

[[-0.45834695 0.17031555 0.21215723 -0.08853176]
[ 0.32241875 0.22195918 -0.11937346 -0.01191828]]

Most frequent |y sampled bit string is: 101010

n_layers=4

bitstrings
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